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Abstract 

A new and inexpensive technique for detecting self interacting dark 
matter in the form of small grains in bulk matter is proposed. Depend- 
ing on the interactions with ordinary matter, dark matter grains in bulk 
matter may be isolated by using a centrifuge and using ordinary matter 
as a filter. The case of mirror matter interacting with ordinary matter via 
photon-mirror photon kinetic mixing provides a concrete example of this 
type of dark matter candidate. 



It is known that a large fraction of the mass of the universe is in the form 
of dark matter. Most of this dark matter is believed to exist in the form of 
as of yet unknown elementary particles. Many different types of candidates 
have been proposed, such as weakly interacting massive particles (WIMPS), 
strongly interacting massive particles (SIMPS) and charged massive particles 
(CHAMPS). Despite many experimental searches all attempts to detect these 
particles have failed. For a review seePQ. 

Interestingly there is one possible dark matter candidate which has not yet 
been experimentally scrutinized. The idea is that dark matter particles may 
have strong enough self interactions such that they can condense into small 
grains, and also interact with ordinary matter, such that a grain can remain on 
the surface of the Earth. A specific candidate for this kind of dark matter is 
provided by theories respecting mirror symmetry, as we will now briefly explain. 

Mirror symmetry appears broken by the interactions of the known elemen- 
tary particles (because of their left-handed weak interactions). Nevertheless, 
mirror symmetry can exist if one introduces for every particle a corresponding 
mirror particle, of exactly the same mass as the ordinary particle [21 [3]. These 
mirror particles interact with each other in exactly the same way that the or- 
dinary particles do. The mirror particles are not produced (significantly) in 
laboratory experiments just because they couple very weakly to the ordinary 
particles. In the modern language of gauge theories, the mirror particles are all 
singlets under the standard G = SU(3) <g> SU(2)l ® U(l)y gauge interactions. 
Instead the mirror fermions interact with a set of mirror gauge particles, so that 
the gauge symmetry of the theory is doubled, i.e. G®G (the ordinary particles 
are, of course, singlets under the mirror gauge symmetry) 0. Mirror symme- 
try is conserved because the mirror fermions experience V + A (right-handed) 
mirror weak interactions and the ordinary fermions experience the usual V — A 
(left-handed) weak interactions. Ordinary and mirror particles interact with 
each other predominately by gravity (and possibly by new interactions as we 
will explain below). Clearly, mirror matter is an ideal candidate for the dark 
matter inferred to exist in the Universe because it is dark and stable jj. It also 
appears to have the right properties to explain a number of other interesting 
puzzles. For a review, see Ref.|I>|. 

While we know that ordinary and mirror matter do not interact with each 
other via any of the known non-gravitational forces, it is possible that new in- 
teractions exist which couple the two sectors together. In Ref.[j3E], all such 
interactions consistent with gauge invariance, mirror symmetry and renormaliz- 
ability were identified. Of most importance for this paper is the photon-mirror 
photon kinetic mixing interaction. In quantum field theory, photon-mirror pho- 
ton kinetic mixing is described by the interaction 

£ = \f^f'^ (!) 

where (F') is the field strength tensor for electromagnetism (mirror elec- 
tromagnetism). This type of Lagrangian term is gauge invariant and renormal- 
izable and can exist at tree level[3| [7] or may be induced radiatively in models 
without U(l) gauge symmetries (such as grand unified theories) [HI El E3- One 
effect of ordinary photon-mirror photon kinetic mixing is to give the mirror 
charged particles a small electric charge 00 El- That is, they couple to ordi- 
nary photons with electric charge ee. The most important experimental particle 
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physics implication of photon-mirror photon kinetic mixing is that it modifies 
the properties of orthopositroniumJSj. The current experimental situation is 
summarized in Ref.[ll|. which shows that |e| < 10~ 6 , with some evidence for 
|e| k 10~ 6 from the 1990 vacuum cavity experiment 12 . 

Understanding the possible astrophysical implications of photon-mirror pho- 
ton kinetic mixing has been the subject of a number of recent papers [Hfl 1141 IT51 
116) . The existence of photon- mirror photon kinetic mixing allows mirror matter 
to explain a number of puzzling observations, including the pioneer spacecraft 
anomalv [P7HT5] . anomalous meteorite events [T%1 H4] and the unexpectedly low 
number of small craters on the asteroid 433 ErosjED H6| - In Ref. . it was 
shown that these explanations require |e| > 10~ 9 . Thus, the most interesting 
parameter range for e suggested by observations is 

1(T 9 £ | e | £ 10~ 6 . (2) 

One other, perhaps very important implication of photon-mirror photon ki- 
netic mixing which we have yet to mention is that it can provide a force which 
opposes the effect of gravity, so that a mirror matter fragment can potentially 
remain on the Earth's surface. Whether this actually happens, depends on the 
strength of the photon-mirror photon kinetic mixing compared to the weight 
of the fragment. If the mirror fragment is embedded inside ordinary matter, 
then the mirror atoms will have an average electrostatic energy induced by the 
photon-mirror photon kinetic mixing. The fragment can experience a strong 
force when this energy changes rapidly as a function of its position, e.g. at 
the boundary between a low and high density medium. In the appendix we 
derive the following equation for the electrostatic force exerted on a stationary 
fragment at the boundary between two media compared to its weight: 

^ static| ~ |e| 10 10 (cm/i?) (3) 

I gravity | 

Here, R is the size of the fragment. For positive e, the electrostatic force is (typ- 
ically) directed from the high density medium toward the low density medium, 
while for negative e the electrostatic force has the opposite direction. Accord- 
ing to the above equation, a mirror matter fragment of size R = 1 cm could 
remain on the Earth's surface if e is positive and e > 10 -10 . [Of course, if it 
impacted with high velocity, it would be buried some distance below the sur- 
face, as we will discuss]. For e less than 10 -10 it would fall toward the center 
of the Earth. If e < 0, then the mirror matter fragment would necessarily move 
into the ground (because in this case the electrostatic force is then attractive 
between the low density air and high density ground). But, because the ground 
is of varying composition, a fragment would stop after becoming completely em- 
bedded within the ground. The limit for this to happen would be of the same 
order of magnitude, i.e. |e| > 10~ 10 . 

If dark matter exists in the form of small grains in the ground, then one 
may try to isolate it by centrifuging soil samples. Modern ultracentrifuges are 
capable of an acceleration of about 10 6 g . In the case of mirror matter Eq. Q 
shows that increasing the force of gravity by a factor of a million will remove 
mirror matter fragments greater than 100 microns in size for 10~ 10 < |e| < 10~ 6 . 
The simplest technique to detect the presence of small grains of dark matter is 
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to first weigh a soil sample, then centrifuge it for some time 1 , and then weigh it 
again. If there were indeed mirror matter grains present, then these should have 
been removed, leading to a lowering of the weight. In practice the sensitivity of 
such tests is limited to about one part in 10 6 by weight (for a 100 gram sample). 
Still, nobody has ever done this type of experiment before. Such a sensitivity 
may well be enough to discover this type of dark matter, if it exists (especially 
if the sample to be tested is chosen appropriately, see the discussion below). 

A more sensitive test may be performed by attempting to catch the escaping 
dark matter fragments in a backing around the inside of the centrifuge. The 
backing should preferably be of inhomogeneous composition to maximize the 
probability of catching fragments in it. By centrifuging many soil samples the 
backing may become enriched with dark matter fragments. A direct weight 
measurement of the backing could confirm this. Alternatively, a sample of the 
backing may be centrifuged and tested for a decrease in weight as described 
above. Such a technique could yield a sensitivity of about 1 part in 10 7 — 10 8 
by weight. One might worry that the velocity of the fragments could be too 
large to be caught in the backing, however it turns out that the frictional force 
of a mirror fragment moving in ordinary matter is quite large, as we also show 
in the appendix. The conclusion is that a mirror fragment (with initial velocity 
Ui) will slow down enough to enable it to be captured in ordinary matter (of 
mass density p) after a distance of order: 

L ~ 
L ~ 



where A = (|e|/10- 8 ) 2 for |e| < 10~ 8 and A = 1 for |e| > 10~ 8 . Since the 
speed at which a fragment will leave the centrifuge is less than about 1000 
m/s, the above equation suggests that a backing thickness greater than about 
a millimetre will be adequate to capture small fragments. 

Besides weight measurements, there could be other ways to detect small 
dark matter grains escaping from a centrifuge. Since the interaction between 
the dark matter particles and ordinary atoms are strong enough to keep small 
grains from sinking into the Earth, these interactions may also be strong enough 
to cause a dark matter grain to thermalize with its environment on not too long 
time scales. The escaping dark matter grains may thus also be detected using 
cryogenic calorimeters. 

The next issue is what type of sample to use. If this type of dark matter were 
present during the Earth's formation it would be expected to be most abundant 
in the Earth's core. However, such dark matter may also be extraterrestrial in 
origin, for example it may come from small mirror matter space bodies if they 
collide with the Earth. In this case, this dark matter may be present on (or near) 

1 The centrifugation time required can be estimated from -Ffrictiom Eg. 1191 . derived in the 
appendix. The velocity of the fragment, relative to the spinning test tube in a centrifuge, can 
be found by equating faction M F accclcration ~ 10 6 g. From Eq.GJJJ, this suggests U ~ 0.2 
cm/s. Taking into account possible uncertainties in our approximations, a centrifugation time 
of 10 minutes should be adequate. 
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10~ 7 / U, 



4 g/cm \ 

meters, for Ui < 300 m/s 



A V 300 m/s 



(4) 



the Earth's surface; enhanced at various 'impact sites'. Various candidate sites 
have been discussed in Ref . ^3] , including Tunguska and a small yet specific site 
in Jordan. Furthermore, according to Eq.Q the mirror matter fragments will 
be very close (centimeters!) to the surface (since the impact velocity in both of 
these events is expected to be less than 1 km/s because of atmospheric effects). 
More generally, it has been known for a long time that deep sea sediment is one 
place where extraterrestrial material accumulates significantly. It should also 
be a good place to test for the existence of mirror matter-type dark matter. 

In conclusion, we have explored the possibility that dark matter may poten- 
tially exist on (or near) the Earth's surface. A specific example of such dark 
matter is provided by mirror matter with photon-mirror photon kinetic mixing 
interaction. This type of dark matter has yet to be experimentally tested. We 
have therefore proposed a new and inexpensive technique to directly test sam- 
ples for the presence of this type of dark matter. In the case of mirror matter, 
we have shown that this test is effective for mirror matter fragments larger than 
100 microns in the range of 10~ 10 < |e| < 10~ 6 , with a sensitivity of up to 1 
part in 10 8 . 
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Appendix: Can a Mirror Matter Fragment Remain at the 
Earth's Surface? 

In this appendix we will estimate the force on a mirror matter fragment 
embedded in an ordinary matter medium which is due to the photon-mirror 
photon interaction. We will call this force F e . In general, for a fragment in 
motion (with velocity U), F e will contain a velocity dependent frictional term 
as well as a static term, that is 

F £ — -FLtatic + ^friction (5) 

where i^tatic is independent of U and -Ffriction - > as U — > 0. We will first 
estimate F sta tic and then consider ^friction- 

Consider a mirror matter fragment with mass density p' , composed of mirror 
atoms of mass Ma>, embedded within ordinary matter. Suppose this fragment 
is at the interface of two homogeneous (ordinary matter) mediums, which we 
label medium 1 and medium 2 (e.g. air/earth or earth/quartz etc). Let A be 
the cross sectional area of the fragment measured parallel to the interface. If 
the fragment moves a distance dr orthogonal to the interface, then the number 
of mirror atoms moving from medium 1 to medium 2 is simply Ap 1 dr /Ma> and 
the electrostatic potential energy of the fragment will change by an amount dE: 

d£ = «c 2 )-<Ci»4j^ (6) 

Ma> 

where (Ci) ((C2)) are the mean electrostatic energies coming from the inter- 
actions of mirror atoms with the ordinary atoms of medium 1 (medium 2). 
Therefore it will experience an electrostatic force of: 

^t a tic = «Ci}-(C 2 »^n (7) 
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Here n is the unit normal vector of the interface, pointing from medium 1 to 2. 

The energies Ci,2 are very small because they are suppressed by |e| < 10~ 6 
and are most significant when the mirror and ordinary nuclei are close enough 
so that the screening effects of the electrons can be approximately ignored. If z 
is the distance between the mirror nuclei and the nearest ordinary nuclei, then 

C(z)~ forz<r 2 

CO) ~ for z > r 2 (8) 

where Z is the atomic number of the ordinary atoms, Z' is the (mirror) atomic 
number of the mirror atoms. The distance r 2 is the radius over which significant 
electrostatic interaction occurs, which we will approximate to the second Bohr 
radius, i.e. 

r 2 w Aa /Z' ~ 1(T 9 cm, (9) 

where ao is the hydrogen Bohr radius. 

Because of rapid thermal motion and the (typically) different chemical com- 
position and structure of the mirror matter fragment and ordinary matter 
medium, to a good approximation, the mean value of d, (Ci), is simply the 
value of £(z) averaged over the volume occupied by atoms, that is: 



r2 ZZ'e 2 e t o J 

Anr 2 dr (10) 



1 7Tfl J Jo 

where a is the mean distance between atoms (typically about 3 x 10" 
a solid). 

Thus, for a solid, we estimate that 

3 r 2 

(0 - \z**% 

Z\ , 
- ~, 2 



- j W eV (11) 

Recall that the force due to the electrostatic interactions depends on the differ- 
ence in (C) between the two mediums [Eq.0]. This will be medium dependent, 
depending on the chemical composition and structure of the mediums. But, 
from Eci. (|llfl . it is clear that the difference in £ between two mediums will have 
the form: 

(Ci) - <C 2 ) = eAx^lO 2 eV (12) 

where Ax,2 is the 'medium dependent' part, which is a number of order 1. In 
going from a low density medium (such as air) to a high density medium, solid 
earth, Ai^ is negative, which implies an attractive force if e is negative and a 
repulsive force if e is positive. 

The force on the mirror fragment due to the electrostatic interactions can 
be obtained by combining equations , Eq.J7|) and Eq. <|12D 2 , 

((Ci)-(C 2 )V'i? 2 , 



sialic 



M A , 

eAi, 2 10 13 (p7 (g/cm 3 )) {R/cm) 2 fi g cm/s 2 (13) 



2 Unless otherwise stated, we use natural units with h = c = 1. 
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where we have taken Ma> ~ 20Mp rot on, A ^ R 2 where R is the size of the 
object. 

To find out if a mirror matter grain can remain at the Earth's surface, we 
have to compare this with the gravitational force ^gravity . With our notation, 

|Fgravity| ~ P 'R 3 g. (14) 

Hence, 

|e| 10 10 (cm/i?) (15) 



static | 



|-Pgravity | 

where we have used that | Ax,a | ~ 1 

Recall that -F s tatic is the force on a mirror matter fragment embedded in an 
ordinary matter medium, where the fragment was at rest relative to the medium. 
As discussed in Eq. © , for a fragment moving with relative velocity U there will 
be a velocity dependent frictional term, Faction as well. Our purpose now is 
to estimate -Function- The frictional effect of mirror matter moving through an 
ordinary matter medium has been considered previously in Ref. |141 but 
in that case only the high velocity regime was examined (U 3> 1 km/s). For 
the purposes of this paper, we are particularly interested in the case where 
U < 1 km/s, which hasn't been evaluated previously. 

A mirror matter fragment moving through a homogeneous ordinary matter 
medium will experience a friction force caused by momentum transfer from 
collisions of mirror atoms with the ordinary atoms in the medium. If U < 
^thermal then the frequency of collisions suffered by a mirror atom is roughly 
?Wthermaic, with n = p/Ma ~ 10 23 /cm 3 is the number density of atoms in the 
ordinary medium, ^thermal ~ \J 6fct,T room /m a tom is the average relative speed of 
mirror atoms relative to the ordinary atoms, both assumed to be of mass m a t m, 
and a is the elastic cross section. In the Born approximation, the differential 
cross section is given bv|20| 

da _ 4M A e 2 e 4 Z 2 Z' 2 

dSl ~ (4M A U 2 sin 2 + 4,) 2 ' (1 ' 

This is just the Rutherford formula cutoff at a distance r2, [Eq.©], which is 
the range of the potential. At low velocities, U ~ 300 m/s, the second term in 
the denominator dominates over the first term and the cross section becomes 
approximately isotropic, and Ea. H16(l reduces to 

a= l6TrM A e 2 e 4 Z 2 Z' 2 ri (17) 

Observe that for |e| ~ 10~ 8 , a ~ r\ which is unphysical. In fact, the interaction 
has become so strong that the Born approximation breaks down. For |e| ~ 10~ 8 , 
the cross section saturates at a ~ r\. Thus, we have: 

a - 10" 2 e 2 cm 2 for |e| < 10" 8 , 

cr - 10" 18 cm 2 for |e| > 10" 8 . (18) 

Note that the above cross section is only valid provided that U < 300 m/s. 
For larger velocities the cross section is suppressed by the first term in the 
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denominator of Eci. (|16[) . see Ref.^] ^j] for more discussion about the high 
velocity regime. 

In a collision part of the relative momentum will be transferred. If the whole 
mirror matter fragment is moving with velocity U relative to the medium, the 
momentum transferred by the collisions will average out to about m a t om ^ per 
mirror atom per collision 3 . Therefore the friction force -Function exerted on the 
fragment of mass M (taking m at om ~ 2(W pro ton) is approximately: 



F fri ctio„ ~ M x ri°; louul naU ~ 10 9 A(M/g) (U/ (m/s)) ( ) g m/s 2 



/ 6fcj,T rc 

m atom ' ~" "~ v "" /0/v ~' \g/cm 3 

(19) 

where A = (|e|/l(r 8 ) 2 for |e| < 10~ 8 and A = 1 for |e| > 10~ 8 . 

FromEq.(Hnj) we find that a mirror fragment with initial velocity U will slow 
down enough to enable it to be captured in ordinary matter after a distance of 
order: 

T 1CT 7 / Ui \ (A g/cm 3 \ 

L t— onn , — meters (20) 



A V 300 m / s 

Recall that the above equation is roughly valid for Ui < 300 m/s. For com- 
pleteness, let us mention that in the case of U > 300 m/s, the corresponding 
distance is |14l HB] : 

UfM%M A 7 ( Ui \ V KT 8 \ V 4 g/cm 3 \ 

^ i6o;Aw ~ 10 Uwi) (— ) (p meters - 

(21) 

Anyway, the net effect is that for low velocities, U < 1 km/s we see from 
Eci. (12()l21jl that mirror matter fragments rapidly slow down in ordinary matter. 
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